Obesity is a multifactorial disorder involving an abnormal or excessive amount of body fat. Obese people have a very high probability of developing metabolic syndrome, a condition in which cholesterol, lipid, and glucose levels rise, causing diabetes and heart disease. From the point of view of energy balance, the main contributors to obesity are excessive energy intake, inadequate energy expenditure and metabolic malfunctions. For this reason, health organisations are working to implement policies and plans to promote healthy eating and active living. However, these measures have not yet proven sufficient to combat this worldwide epidemic; therefore, drugs and bioactive compounds are being investigated to complement the existing strategies. In the present review, we discuss the available data regarding the modulation of obesity by proanthocyanidin rich extracts. Because studies with human subjects are very scarce, we focus on studies using laboratory animals. The results of in vitro studies are included because, although they cannot be directly extrapolated to the biological effects of proanthocyanidin, they can reveal some mechanisms of action.
Introduction
Overweight and obesity are terms defined by the World Health Organization (WHO) to describe complex disorders involving an abnormal or excessive amount of body fat that may impair health. The body mass index (BMI) provides a useful population-level measure of being overweight and obese, which can be used for both sexes and for all ages of adults. However, it should be considered a rough guide because it may not correspond to the same degree of fatness in different individuals. A person with a BMI of 30 or more is generally considered obese. A person with a BMI greater than or equal to than 25 is considered overweight. 1 Excessive weight and obesity are considered to be increasing worldwide health problems, in both developed and developing countries, that strongly exacerbate the development of severe metabolic disorders such as type 2 diabetes mellitus and cardiovascular complications. 2, 3 Epidemiological studies have shown that the prevalence of obesity has become epidemic. Indeed, worldwide, the proportion of adults with a BMI of 25 kg m −2 or greater increased between 1980 and 2013 from 28.8% to 36.9% in men, and from 29.8% to 38.0% in women. The prevalence has increased substantially in children and adolescents in developed countries: 23.8% of boys and 22.6% of girls were overweight or obese in 2013. The prevalence of excessive weight and obesity has also increased in children and adolescents in developing countries, from 8.1% to 12.9% in 2013 for boys and from 8.4% to 13.4% in girls. 4 The causes of this chronic disease involve genetic, behavioural and environmental interactions. The major extrinsic contributing factors to the increase of obesity are the increased fat intake and energy density of the diet, together with lower physical activity levels. 5 Dietary fat is stored very efficiently as body fat but is not efficient in stimulating satiety. 6 In addition, an increase in fat intake does not stimulate fat oxidation to the same extent carbohydrate and protein oxidation uptake stimulate their own oxidation. 7 Thus, the limited ability to increase fat oxidation in proportion to fat intake may translate into a positive fat balance and, consequently, to weight gain over time. [7] [8] [9] Furthermore, a blunted substrate switching from lowto high-fat oxidation has been shown in obese, pre-obese and post-obese individuals, and this metabolic inflexibility may be a genetically determined trait. 10 The decreased fat oxidation can lead to a positive energy balance under conditions of highfat feeding, due to depletion of glycogen stores, which stimulates appetite and energy intake through glucostatic and glucogenostatic mechanisms. 10 Obesity has also been associated with hyperinsulinaemia as a result of insulin resistance and can be associated with reduced fat oxidation and metabolic inflexibility. 11 The primary method used to combat obesity is a combination of diet and exercise to balance the energy equation; however, this solution does not seem to work for many people who are unable to maintain the desired body weight with lifestyle changes alone. Thus, several anti-obesity drugs have been commercialised, but their usage has been associated with adverse side-effects. In the last few decades, researchers have turned their attention towards food, particularly from the plant and marine worlds, in search of ingredients that improve obesity and its associated diseases. Some food and food components have been shown to affect appetite regulation, fat oxidation, energy uptake or thermogenesis. 12 Although the food ingredients are not as potent as drugs, they have the advantage of fewer adverse side effects and thus may represent interesting complementary approaches to the management of obesity. There is increasing evidence to indicate a beneficial role for dietary polyphenols in reducing obesity, and this subject has been extensively reviewed. [13] [14] [15] [16] [17] [18] [19] However, despite the abundance of proanthocyanidins (PA) in nature, few papers have addressed the specific effects of these compounds on obesity. This lack of data is almost certainly due to the high structural diversity and complexity of this class of dietary components and to the difficulty to separate them from monomers and other phenolic compounds. Here, we review the role of PA rich extracts with respect to obesity, focusing on mass and body weight, energy intake, glucose and lipid metabolism and energy expenditure.
Proanthocyanidins structure and bioavailability
PA, also known as condensed tannins, are the most common group of flavonoids in the Western diet, and they are considered the second most abundant group of natural phenolics after lignins. 20 The data available for adults from fourteen European countries indicated that the daily PA intake was highest in Spain and lowest in The Netherlands. Conversely, the highest intakes of flavan-3-ol monomers and theaflavins were observed in Ireland and the lowest intakes in Spain. 21 U.S. adults had a total PA intake of 95 mg per day, in the order of polymers (30%), monomers (22%), dimers (16%), trimers (5%), 4-6 mers (15%), and 7-10 mers (11%). 22 PA can be found in such common foodstuffs as cereals, legumes, fruits, vegetables, and beverages as red wine and tea. 23, 24 PA are oligomers or polymers of monomeric flavan-3-ols. A flavan-3-ol unit has two aromatic rings (A and B) and a heterocyclic ring C. The monomers are mainly linked through C4 to C8 or sometimes C4 to C6 bonds. These linkages are both called B-type linkages. When an additional ether linkage is formed between C2 and O7, the compounds are called A-type PA. In addition to the C2 to O7 linkage, A-types with a C2 to O5 linkage are also found. The two chiral centres at C2 and C3 of the monomeric flavan-3-ol produce four isomers for each level of B-ring hydroxylation. 25 Oligomeric and polymeric PA have an additional chiral centre at C4 in the upper and lower units. The PA are divided into sub-families: Procyanidins consist exclusively of (+)-catechin and (−)-epicatechin and are widespread in nature. PA containing afzelechin or gallocatechins are called propelargonidins or prodelphinidins, respectively, and have a more limited distribution. Many common foods such as grape seeds, cocoa, apples, pears, blueberries, and cranberries contain exclusively procyanidins. Some of the PA in strawberries and pinto beans are propelargonidins. Some of the PA in grape skins are prodelphinidins, while the rest are procyanidins. 26 5-Deoxysubunits (robinetinidol or fisetinidol)
are also known. 27 Flavan-3-ols predominantly exist in plants as
3-O-gallate forms.
No transporters for PA have been identified on the enterocyte surface of the small intestine. Paracellular diffusion is thought to be the preferred absorption mechanism because PA are not likely to pass through the lipid bilayer via the transcellular pathway due to their large numbers of hydrophilic hydroxyl groups. 28 Deprez et al. observed that (+)-catechin (CA) and the procyanidin dimer and trimer had similar permeability coefficients to that of mannitol, a marker of paracellular transport, in monolayers of the human intestinal epithelial cell line, Caco-2. 29 A transport rate of a 3.0% was shown for procyanidin B2. 30 The results from the in in vivo models demonstrated that PA oligomers with a degree of polymerisation less or equal than 3 are absorbable. [31] [32] [33] The bioavailability of PA is largely influenced by the degree of their polymerisation. Both human and animal studies have indicated that (+)-catechin and (−)-epicatechin (EC) are rapidly absorbed from the upper portion of the small intestine. Upon absorption, (epi)catechin undergoes extensive phase II metabolism in the intestine and liver to form glucuronidated, sulphated, and/or methylated conjugates. The current knowledge indicates that PA dimers, and trimers are absorbed in their intact forms, and their absorption rates are less than 10% of that of (−)-EC. In rats, the absorbed oligomers undergo less phase II metabolism than (−)-EC. 28 Furthermore, in an in vitro study, EC and epicatechin gallate (ECG) were largely or completely converted to glucuronides, sulphates and methyl ethers. In contrast, glucuronidation and methylation of procyanidins B2 and the 3,3″-di-O-galloyl ester of procyanidin B2 (B2G2) occurred, but were minor processes under the same incubation conditions. When B2G2 was given orally to mice, it was partially absorbed intact: no significant metabolites were detected in plasma. Therefore, B2G2 bioavailability is apparently not limited by metabolism, unlike the flavanol monomers EC and ECG. 34 In another study with pigs, which have a gastrointestinal tract very similar to that of humans, urinary excretion and metabolism of PA were investigated. A reduced grape seed extract containing monomers and procyanidins B1, B2, B3, B4, C1, was orally administered at a dose of 250 mg per kg body weight. Flavan-3-ols and their methyl derivatives, as well as dimeric and trimeric procyanidins were detectable in the urine. The quantification of PAs in the urine showed that excretion depends on the degree of polymerisation. The excretion was very poor for dimeric and trimeric procyanidins, with the total amount varying between 14 and 20 μg for the dimeric procyanidins and being approximately 5 μg for procyanidin C1. 31 Many other studies show that these compounds are present in blood and tissues. 32, 33, [35] [36] [37] [38] [39] [40] [41] [42] Interestingly, there is evidence that unconjugated PA and their metabolites cross the blood brain barrier. [43] [44] [45] [46] There is some controversy regard-ing whether oligomeric and polymeric PA can be degraded into smaller units during the passage through the gastrointestinal tract. Some studies observed a degradation of oligomeric PAs into flavan-3-ols in simulated gastric juice 47 and before being absorbed. 48, 49 Conversely, studies in humans 50, 51 and rats 36, 52, 53 showed that depolymerisation in the gastrointestinal tract was negligible, and PA were stable during gastric transit. As a result, oligomers and polymers did not contribute to the concentration of monomers in blood or urine. Ou et al. 28 in a recent review stated that the majority of the PA reaches the colon intact and is degraded into phenylvalerolactones and phenolic acids by the colon microbiota. Some of the products of this degradation could have higher biological activity than their parent compounds. 54 Non-absorbed large PA can interact with intestinal membranes, protecting the bilayer structure, mitigating oxidative stress, and regulating barrier permeabilisation and cytokine-induced inflammation. 55, 56 The data from tissue analysis of rats gavaged with grape seed extract indicate fairly high accumulation of native compounds, primarily monomers and dimers, in the cecum and colon. 57 Additionally, administration of 0.25% (w/w) GSE to rats showed that the concentration in the colonic contents was 13.9 mg kg −1 for monomer, and those for the dimers through hexamers were 33. 59 showed that two purified fractions from grape seed extract, differing in their proportions of monomers and procyanidins, both promote the growth of potentially beneficial bacteria (Lactobacillus sp.) and decreased the growth of undesirable bacteria such as clostridia, to the same extent as observed in an in vitro experiment. Accordingly, microbial catabolic activity could change and consequently could affect the bioavailability and activity of these compounds. PA have a putative role as antioxidants, [60] [61] [62] [63] showing beneficial effects on inflammatory processes, cardiovascular diseases, and other pathological conditions.
64,65
Effects of PA on fat and body weight
When hamsters were treated with a grape seed procyanidin extract (GSPE) for 15 days and fed either a standard diet (STD) or a high-fat diet (HFD), both groups showed a significant decrease in body weight gain and in the weight of white adipose tissue (WAT) depots studied. This effect was more evident in the retroperitoneal WAT than in the other adipose tissues. Also the effect of the GSPE treatment was more clear in the HFD-GSPE than in the STD-GSPE animals, in comparison with their respective non-treated controls, mesenteric WAT: STD-GSPE (9.8% lower), HFD-GSPE (18.8% lower); epididymal WAT: STD-GSPE (8.8% lower), HFD-GSPE (16.6% lower); inguinal WAT: STD-GSPE (10.5% lower), HFD-GSPE (16% lower). 66 Furthermore, polyphenols from red wine can reduce obesity in rats. 67 In mice fed a HFD, supplements consisting of either a cocoa flavanol extract or a flavanol fraction enriched with monomeric, oligomeric, or polymeric procyanidins prevented weight gain, increases in fat mass, impairment of glucose tolerance, and insulin resistance. 68 The oligomer-rich fraction proved to be the most effective in this model. 70 When obese rats fed the HFD were treated with CT-II for up to 6 months, body weight was initially reduced and thereafter weight gain was significantly suppressed. Total body fat (as a percentage of final body weight) in rats fed the HFD without CT-II, those fed the diet with 12 weeks treatment of CT-II and those fed a normal diet were 49%, 37% and 27%, respectively. The supplementation with a drink containing a PA-enriched fraction of the seed shells of Japanese horse chestnut (Aesculus turbinata BLUME) was found to attenuate the body weight gain and reduce the mass of peritoneal adipose tissues in mice fed a HFD, despite the fact that the amount of food consumption and the volume of the fluid intake did not change significantly. 71 Thus, while the HF mice weighed approximately 32 g more than their standard fed counterparts, the body weight of HF + 0.52% PA mice increased only in 20 g. 71 Similarly, the mass of peritoneal adipose tissues (g) [75] [76] [77] [78] [79] [80] [81] Thereby, female Wistar rats fed a CD for 13 weeks were divided into subgroups; one of which was treated with GSPE (25 mg kg −1 ) for 10 days. The other one was treated with 50 mg GSPE per kg for 20 days. None of these treatments produced a significant reduction in body weight. 24, 73 Also no changes in body weight of male obese (fa/fa) and lean (Fa/?) Zucker rats were shown after GSPE administration for 30 days. 76 As far as we know, only an human study in over 1000 American men and women showed a negative correlation between the frequency of chocolate consumption, and body mass index (P = 0.01), although no data on eaten doses were shown in ref. 82 .
In conclusion, the PA effects on adiposity and body weight are controversial in animal experiments. There are studies where administration of PA extracts prevent or inhibit the body weight gain whereas other studies did not show the same effects. This could be due to different experimental models, doses, and times used.
Nutrient intake control by proanthocyanidins

Inhibition of digestive enzymes
In the treatment of obesity, the development of inhibitors of nutrient digestion and absorption is one of the main strategies in the effort to reduce energy intake through gastrointestinal mechanisms without altering the central mechanisms. 83 Horigome et al. reported that PA from various plants had inhibitory effects on digestive enzymes such as trypsin, a-amylase, and lipase. 84 These enzymes are delivered into the intestinal lumen as constituents of the pancreatic juices and are the major enzymes involved in the hydrolysis of dietary protein, starch and fat. The inhibitory effects of PA on the digestive enzymes is considered to be one mechanism through which they exert their effects. 85 Because digestive enzymes are located in the small intestine, and PA are predominantly metabolised in the colon, it was expected that the presence of PA in the small intestinal lumen would be sufficient to inhibit these enzymes following the consumption of a PA-rich food.
Lipase
Proanthocyanidins from different sources have inhibitory activities on lipase (Table 1) . Hatano et al. (1997) isolated five flavan dimers from fruits of Cassia nomame that showed lipase-inhibiting effects. Among the flavan dimers tested, (2S)-3′,4′,7-trihydroxyflavan-(4α-8)-catechin showed the most potent lipase-inhibitory activity. C. nomame extract also showed antiobesity effects in rats fed with HFD in vivo. 86 A partially purified fraction composed of oligomeric flavans with molecular weight 1020 also showed a noticeable inhibitory effect. 87 An extract of Nomame Herba inhibited lipase activity in a dosedependent manner, with approximately 0.1 mg mL −1 of extract resulting in 50% inhibition. A small part of the active components of lipase inhibitors were confirmed to be 3′,4′,7-trihydroxyflavan-(4α-8)-catechin, and the major active components were suggested to be 3′,4′,7-trihydroxyflavan oligomers. 70 An apple polyphenol extract (AP) and the procyanidin contained in AP substantially inhibited pancreatic lipase (PL) activity and reduced triglyceride absorption. 88 However, other non-procyanidin polyphenols in AP (i.e., catechins, chalcones, and phenol carboxylic acids) showed weak inhibitory effects on PL. Furthermore, the inhibitory effects of the procyanidins increased according to the degree of polymerisation (DP) from dimer to pentamer. Similarly, procyanidins with DPs of pentamer or greater showed maximal inhibitory effects on PL. 88 Subsequent studies have confirmed a clear relationship between the procyanidin DP and their inhibitory activities on pancreatic lipase. For example, the inhibition of lipase activity by fractions of grape seed procyanidins (Vitis vinifera) 89 and of cocoa (Theobroma cacao) extracts also increased with the increasing DP, where an inverse correlation between log IC 50 and DP (R 2 > 0.93) was observed. 90 Thus, in this case as well, higher levels of DP were associated with more potent inhibitory activities of the procyanidins. In the leaf fraction of Salacia reticulata, a plant used to prevent diabetes and obesity, the most potent PL-inhibition activity (IC 50 : 15 ppm) was shown to be due to the PA oligomers (DP: 3-8) composed of EGC, EC, and epiafzelechin as main constituents. 91 The IC 50 value for the active compound from the S. reticulata leaf extract was comparable to that of epigallocatechin gallate (EGCG), which is known to be one of the more effective lipid-lowering therapeutic agents. 92 Kimura et al. (2011), in addition to analysing the effect of the DP, studied the effect of the PA-linkage type in the inhibition exerted on PL activity. Highly polymeric PA from seed shells of Japanese horse chestnut (Aesculus turbinata Blume) were separated into two fractions according to the difference in the molecular sizes. The results of this structural characterisation, in terms of the molecular sizes and the proportions of A-type linkages relative to B-type linkages, were compared to those of the corresponding preparations from fruits of blueberry and cranberry. The rank order of the molecular sizes of the PA was blueberry > cranberry > seed shells of the Japanese horse chestnut. The analysis of the degradation products revealed higher proportions of A-type linkages compared with B-type linkages in the both isolated fractions in the order of the seed shells > cranberry > blueberry. Moreover, the isolated fractions with higher molecular sizes and those more abundant in the proportions of A-type linkages were found to be more effective in the inhibition of PL activity. 93 An oral fat tolerance test in mice revealed that these polymeric PA suppressed fat digestion in vivo. An extract of the bark of Acacia mearnsii also showed strong lipase inhibitory activity. Fractionation of this extract and subsequent analysis revealed that the active substances were PA oligomers mainly composed of 5-deoxyflavan-3-ol units. In addition, 4′-O-methylrobinetinidol 3′-O-β-D-glucopyranoside, fisetinidol-(4R,6)-gallocatechin, and epirobinetinidol-(4β,8)-catechin were isolated as new compounds. The characterisation of the most active fraction showed that it contained tetrameric to octameric compounds primarily composed of robinetinidol units. 94 Consistent with the lipase inhibition effects demonstrated in vitro, in vivo studies showed that PA actively reduced plasma triglycerides by inhibiting the absorption of dietary lipids. tion of dietary fat in humans, 95 and polymerised polyphenols from oolong tea reduced postprandial hyper-triglyceridaemia in olive oil-loaded rats and mice. 96 In corn oil-loaded mice, a single oral administration of apple polyphenols reduced the plasma triglyceride levels, and a test diet containing 600 mg of apple polyphenols significantly inhibited the increases in triglyceride 6 h after ingestion, indicating an inhibition of triglyceride absorption. 88 Amylase Table 2 shows the inhibitory effect of PA on amylase and smaller oligosaccharide-digesting enzymes. Lee et al. (2007) evaluated the anti-α-amylase and anti-α-glucosidase effects of the polymers and oligomers from PA of persimmon peel. The polymers strongly inhibited the α-amylase activity, while the oligomers had a relatively weak effect. At a concentration of 100 μg mL −1 , the polymers and oligomers inhibited 53.9% and 4.6% of the α-amylase activity, respectively. In contrast, the oligomers showed a stronger inhibition of α-glucosidase activity than the polymers. At a concentration of 100 μg mL −1 , the polymers and oligomers inhibited 74.0% and 97.4% of the α-glucosidase activity, respectively. 64 The stems of P. multiflorum contain high amounts of PA, predominantly composed of CA and/or EC units and with a mean DP of 32.5. These PA exhibit potent α-amylase and moderate α-glucosidase inhibitory activities. 97 An analysis of the PA isolated from Manilkara zapota (chiku) showed that (epi)gallocatechins were the predominant extension unit in the PA. The mean of the degree of polymerisation was estimated to be 9.0. These PA were shown to inhibit α-amylase with an IC50 value of 4.2 ± 0.2 μg mL
and inhibit α-glucosidase with an IC50 of 16.6 ± 0.3 μg mL −1 .
98
Different berries showed very different levels of effectiveness against α-amylase activity and α-glucosidase activity, and a comparison of their polyphenol composition indicated which components were the most effective inhibitors. The extract from rowanberries was particularly potent with an IC50 value of 4.5 μg GAE mL −1 . Only the PA-rich fraction caused a substantial inhibition of amylase and yielded an IC50 value of ∼5 μg GAE mL −1 compared to 4.5 μg GAE mL −1 for the unfractionated rowanberry extract. 99 The rowanberry PA were as potent inhibitors as the whole rowanberry extract, despite the fact that this fraction was at least ten-fold enriched in PA compared to the original rowanberry extract. This suggests that the presence of the other non-PA components may have influenced the amylase inhibition. Polyphenol-rich extracts from black currants were effective inhibitors of α-glucosidase with an IC50 value of 20 μg GAE mL −1 . On the other hand, raspberry and cloudberry extracts were poor inhibitors. The rowanberry PA fraction was considerably less effective than the whole rowanberry extract in its ability to inhibit α-glucosidase. These differences in the efficacy of amylase inhibition suggest that these tannin components do not influence the inhibition of α-glucosidase. Boath et al. (2012) 99 concluded from these studies that PA were effective against amylase but ineffective against α-glucosidase. The major components of a persimmon leaf extract were PA oligomers, which had considerable concentration-dependent α-amylase inhibitory activity. 100 A structural investigation revealed that the persimmon leaf PA have three distinguishing characteristics. First, their extension units consist of 4 different units, EGC, EGCG EC, and ECG, indicating higher heterogeneity than for other PA, which consist of only 1-3 different units. Second, more than 40% of the content of this extract consisted of prodelphinidins: a considerably higher proportion than the levels of these compounds in grape skins (31.2%). 101 Third, the degree of 3-O-galloylation was 9-14%, similar to the 12.9% reported for grape seeds. 101 Increases in galloylation have been suggested to lead to the enhanced physicochemical and physiological effects of PA, e.g., increased affinity to proteins, including enzymes. 102 Oral administration of starch with PA from persimmon leaf tea resulted in a significant and dose-dependent decrease in the blood glucose concentrations in Wistar rats. This effect was considered to be due to inhibition of pancreatic α-amylase. 100 Tsujita et al. (2013) showed that a purified fraction from almond (Prunus dulcis) seed skin specifically and strongly inhibited α-amylase: the IC50 value was 2.2 μg mL
for pig pancreatic α-amylase. The structure of this fraction includes a series of polyflavan-3-ol polymers composed of CA/ EC units and GCA/EGCA units, with up to 11 units with several A-type ether linkages. α-Amylase from Bacillus sp. was inhib- ited in a concentration-dependent manner with an IC50 value approximately 23 times higher than that of pig pancreatic α-amylase. These results suggested that the purified fraction specifically and strongly inhibited the mammalian digestive α-amylase. 103 Yilmazer-Musa et al. (2012) evaluated the inhibitory effects of plant-based extracts (grape seed, green tea, and white tea) and their constituent flavan-3-ol monomers (catechins) on α-amylase and α-glucosidase activity. To evaluate the relative potency of the extracts and catechins, the concentrations of each required to inhibit 50 and 90% of the enzyme activity were determined and compared to the widely used pharmacological glucosidase inhibitor, acarbose. The maximum enzyme inhibition was used to assess relative inhibitory efficacy. The results showed that the grape seed extract strongly inhibited both α-amylase and α-glucosidase activity, with equal and much higher potency, respectively, than acarbose. Whereas the tea extracts and catechin 3-gallates were less effective inhibitors of α-amylase, they were potent inhibitors of α-glucosidase. Non-gallated catechins were ineffective. These data show that plant extracts containing catechin 3-gallates, in particular EGCG, are potent inhibitors of α-glucosidase activity and suggest that the procyanidins in grape seed extract strongly inhibit α-amylase activity. 104 Barrett et al. (2013) isolated PA from extracts of cranberries, grapes, and cocoa and tested the effectiveness of these isolates to inhibit the activities of α-amylase and glucoamylase in vitro. The PA inhibition efficacy followed the orders cranberry > grape > cocoa for α-amylase and grape > cranberry > cocoa for glucoamylase. These results correlate with structural differences among the PA. Thus, the cocoa PA, which were the smallest and least complex of the tannins, had the least effect on the activity of either enzyme. The structural complexity or size, such as the A-type linkages and high degree of polymerisation in the PA from cranberries, may have been conformational features adequate for their high enzyme inhibition. The grape extract was also highly effective in the inhibition of both enzymes, despite the smaller size of the PA in this extract relative to that from the cranberries. This isolate, however, exhibited comparatively greater diversity, including a higher proportion of trimer units, than did the extract from cocoa. In general, the larger and more complex the tannins, the more effectively they inhibited the enzymes. 105 These
106 evaluated the effects of two isolated fractions of highly polymerised PA from seed shells on an oral starch or glucose tolerance test in mice. These two fractions had different degree of polymerisation. However, both effectively suppressed the elevation of blood glucose from oral starch, but not from oral glucose. These results suggest the preferential inhibition of the carbohydratedigesting enzymes. These seed shells have a series of heteropolyflavan-3-ols with doubly linked A-type linkages as well as single B-type bonds, and lack gallic acid esterification. 71 Cocoa PA prevented the increase of blood glucose in genetically diabetic obese mice without affecting either body weight or total food consumption. 81 When fed for 4 weeks, a procyanidin-rich chocolate prevented the unfavourable glucose response induced by the control polyphenol-free chocolate in a crossover study in volunteers.
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Proteases Table 3 shows the inhibition of proteases by proanthocyanidins. A positive relationship between the degree of polyphenol polymerisation and the capacity of the polyphenols to inhibit porcine pancreatic elastase was observed. A molecular weight of at least 1154 Da was necessary to observe a significant inhibitory ability of the procyanidins. The kinetic parameters were also calculated, and these values confirmed that the inhibition is reversible and competitive. Molecular docking and dynamics simulations demonstrated that the tetramer structure has a higher affinity for the enzyme due the establishment of more contact points with the amino acids present in its active site. Hydrogen bond interactions and hydrophobic attraction established between the polyphenol groups and the side chain of residues stabilised and favoured the binding mode of this procyanidin. 108 Gonçalves et al. (2011) showed that the interaction between procyanidin B3 and porcine pancreatic trypsin (PPT) strongly depends on the concentration of procyanidin used. Below the critical micellar concentration, the interaction is specific and most likely involves the establishment of hydrogen bonds between the hydroxyl groups of the polyphenol and the amide and carbonyl group of the protein backbone. In this concentration range, a significant inhibition of PPT by procyanidin occurs. Above the critical micellar concentration, nonspecific interactions occur and the authors suggested that, in this case, the main driving force governing the interaction was hydrophobic, which is a much less specific binding process. It was also demonstrated that the carbohydrate pectin induces a dissociation of the tannin-PPT complex. 109 In conclusion the large amount of in vitro studies together with the few in vivo studies performed, shown that PA rich extracts inhibit digestive enzymes. One factor that may influence the effective inhibitory power observed in vitro is the metabolism of PA in the digestive system. However, because the site of action of PA on digestive enzymes is the small intestine lumen, PA bioavailability should not be a limiting factor. Several studies have shown that these compounds are stable in the stomach and small intestinal milieu and are expected to be present in the small intestinal lumen at relatively high concentrations following consumption of products with a high PA content. 90 Furthermore, the reviewed bibliography shows that DP, type-A linkages, galloylation and diversity of monomers of PA increase the inhibition on digestive enzymes.
Enteroendocrine regulation
The importance of the brain-gut axis in the control of food intake is reflected in the dual role exhibited by many gut peptides as both hormones and neurotransmitters. The parasympathetic nerves innervating the stomach play an important role in digestion and absorption. It is generally understood that sympathetic excitation and parasympathetic inhibition affect feeding behaviour and also reduce food intake and body weight. 110 Local effects such as the inhibition of gastric emptying might also contribute to decreases in energy intake, and activation of mechanoreceptors as a result of gastric distension may inhibit further food intake via neural reflex arcs. The circulating gut hormones have also been shown to act directly on neurons in hypothalamic and brainstem centres of appetite control. 111 These hormones, with the exception of ghrelin, act to increase satiety and decrease food intake. There are only few studies examining the PA effects on the regulation of the neuropeptides and neurohormones of the central nervous system. Some PA-rich foods appear to have the potential to modulate the neuropeptides involved in food intake and satiety. Indeed, Massolt and colleagues demonstrated that the smell of chocolate could suppress appetite in humans. 112 In their study, 12 females were given chocolate to eat and then randomised to either smell chocolate or to serve as a control (no eating or smelling). Eating and smelling chocolate both resulted in appetite suppression with no relationship observed between appetite levels and insulin, glucagon-like peptide-1 (GLP-1), or cholecystokinin levels. However, the smell of dark chocolate (85% cocoa) resulted in a satiation response that was inversely correlated with the ghrelin levels. Because higher levels of ghrelin increase food intake, 113 these findings suggest that regular cocoa and chocolate consumption may reduce appetite by decreasing ghrelin levels.
It is thought that Flavangenol extract, which contains oligomeric PA as a main constituent, might affect autonomic nerve activity. Tanida et al. showed that Flavangenol ingestion reduced body weight gain in rats fed a high-fat diet. These authors also showed that an acute intraduodenal injection of Flavangenol elevated the activity of the sympathetic nerve that innervates the brown adipose tissue (BAT) and inhibited the gastric vagal nerve activity in anesthetised rats. In addition, intra-oral injection of Flavangenol elevated the BAT temperature. These results thus suggest that Flavangenol supplementation exerts its body weight-reducing effects through changes in autonomic neurotransmission. 110 If PA ingestion suppressed appetite, food intake should decrease. Pinent et al.
(2015) have reviewed the effects of flavanols on the enteroendocrine system and the impact of these compounds on food intake. However, there are no conclusive results showing that PA suppresses food intake, once again because experiments addressing this subject are very scarce. To study obesity experimentally, a cafeteria diet (CD) has frequently been used. The CD-treated rats display insulin resistance, increased insulin synthesis and secretion, and increased apoptosis in the pancreas. 77 The CD also increases the insulin-degrading enzyme (IDE)-mediated insulin clearance capability. 114 Furthermore, the CD caused ectopic lipid accumulation in the pancreas and modified the expression of key genes that control lipid metabolism. Chronic corrective treatment using GSPE ameliorates insulin resistance in CD model. 78 The effects of this extract might be partially explained by its insulin-like effect on insulin-sensitive cell lines, 115 as well as through its effects on pancreatic β-cell function and by preventing the effects of the CD on insulin secretion and production and lipid accumulation in the pancreas. 116 The antihyperglycaemic effect of GSPE may be partially due to the insulinomimetic activity of the procyanidins as shown using insulin-sensitive cell lines. GSPE stimulated glucose uptake in L6E9 myotubes and 3T3-L1 adipocytes in a dose-dependent manner. Similar to the action of insulin, the effect of GSPE on glucose uptake was sensitive to wortmannin, an inhibitor of phosphoinositol 3-kinase and to SB203580, an inhibitor of p38MAPK. GSPE exposure also stimulated translocation of the glucose transporter-4 (GLUT-4) to the plasma membrane. 115 GSPE also stimulated glycogen and lipid synthesis in 3T3-L1 cells, although less effectively than insulin. 117 However, GSPE uses mechanisms complementary to those of the insulin signalling pathways to bring about these effects. 117 GSPE is able to modulate the apoptosis and proliferation of the INS-1E pancreatic beta-cell line under altered conditions (such as high glucose, insulin and palmitate), but not under basal conditions. 118 In summary, PA have insulin-like effects in insulinsensitive cells that could help to explain their anti-hyperglycaemic effects in vivo (Table 4) . Moreover, the chronic treatment of healthy rats with GSPE increases the insulin/glucose ratio after oral glucose administration more than that after intraperitoneal glucose infusion, suggesting an incretin-like effect. 119 The cafeteria diet decreased the active GLP-1 plasma levels, which was attributed to a decreased intestinal GLP-1 production linked to reduced colonic enteroendocrine cell populations. These effects were prevented by GSPE. A dose of 25 mg kg −1 bw of the same extract for 12 weeks prevented the cafeteria diet-induced decrease in the numbers of colonic GLP-1-producing cells. Similarly, the acute administration of a dose of 10 μg kg −1 bw of the procyanidin tetramer cinnamtannin A2 to fasted mice also increases the plasma levels of active GLP-1. 120 GSPE also increased the hypothalamic GLP-1 production and downregulated GLP-1R, opposing the effects of the cafeteria diet. 121 The gut-derived hormone GLP-1 is released in response to glucose ingestion and enhances insulin secretion by the pancreas.
Intestinal dipeptidyl-peptidase 4 (DPP4) is present at the site of incretin production, and therefore cleaves these molecules almost immediately after their secretion. Preventing the degradation of endogenous incretin hormones by inhibiting DPP4 has therefore emerged as a strategy for the control of glucose homeostasis. In vitro inhibition assays showed that GSPE inhibits pure DPP4. Chronic GSPE treatment of human intestinal cells (Caco-2) caused a decrease in DPP4 activity and gene expression. GSPE were also assayed in vivo. Intestinal, but not plasma, DPP4 activity and gene expression were decreased by GSPE in healthy and diet-induced obese animals. In genetically obese rats, only the DPP4 gene expression was downregulated. Thus, inhibition of the intestinal DPP4 activity by the procyanidins, either directly and/or via downregulation of gene expression, could be responsible for some of their effects on glucose homeostasis. 119 In summary, one study in humans showed effects of PA rich food on appetite suppression. On the other hand, animal studies with PA rich extracts showed effects in endocrine signals affecting glucose homeostasis. However, the results on appetite and satiety are quite inconclusive because usually the experiments are not designed to address these items. In obesity, hypertrophic adipocytes trigger adipose tissue hyperplasia, and the increases in both adipocyte size and number are driven by a positive energy balance. Hypertrophy of the adipose cells is largely related to the triglyceride mass, which is determined by the rate of lipid synthesis and degradation, both of which are regulated by PA. 122 Recently, it has been shown that Oligonol, a product from lychee containing monomers and PA, causes significantly increased lipolysis in primary adipocytes. This effect is independent of cAMP production, but depends on the activation of the ERK1/2 pathway. 123 Lastly, the activation of both β-oxidation and glycerolipid/free fatty acid cycle by GSPE has been proposed as a mechanism by which supplementation with this extract contributes to decreasing both the plasma FFA levels and lipid accumulation in adipose tissue. 66 With regard to hyperplasia, changes in adipocyte number are governed by changes in preadipocyte maturation by adipogenesis, preadipocyte replication and adipocyte apoptosis. 122 To understand the mechanisms that reduce fat mass, studies of substances that decrease preadipocyte differentiation and proliferation have been performed. Colitti and Grasso (2014) have extensively reviewed the regulation of adipocyte life by natural products, but the effects of PA were not included in this review. 124 With regard to PA, it has been shown that GSPE inhibits the differentiation of 3T3-L1 preadipocytes to mature adipocytes when added at the onset of differentiation. The modulation of cell cycle-related genes by PA suggest that these compounds interfere with the process of preadipocyte proliferation. 125 Furthermore, a PA-enriched fraction from Vaccinium floribundum significantly increased Pref-1 expression in preadipocytes. 126 However, the inhibition of adipogenesis, which results in a lower fat accumulation in adipocytes, could lead in vivo to the ectopic deposition of excess lipid in nonadipose organs, causing insulin resistance and lipotoxicity. 124 Thus, adipose tissue should not be considered intrinsically bad. Moreover, a new cell type was recently identified, the "brite" or "beige" adipocyte that presents a unique gene expression profile of compared to both brown and white adipocytes. Brite adipocytes can be found dispersed through the white fat depots both in rodents and humans, forming a multidepot organ with plastic properties. 127, 128 Consistent with this plasticity, some bioactive compounds have been shown to be associated with the browning of WAT (reviewed by Bonet et al.). 129 The induction of the browning of white fat by PA opens a new research field for these flavonoids as a potential strategy for the management of obesity and related diseases.
Glucose metabolism
Several clinical studies in humans have been performed to assess the potential anti-hyperglycaemic effect of dietary PA using PA-rich foods or extracts (reviewed by Pinent et al., 2012). 130 For instance, some studies have reported that consumption of flavan-3-ols is inversely associated with the risk of developing type 2 diabetes (T2D) 131, 132 and that the chronic consumption of Pycnogenol®, muscadine grape products, chocolate or green tea PA improve glycaemic control in T2DM subjects. [133] [134] [135] [136] [137] However, other studies did not show significant changes in glucose and/or insulin levels after dietary supplementation with a flavanol-rich cacao drink or a polyphenolrich chocolate in T2DM subjects. 138, 139 These discrepancies could have been due to the PA levels administered in each study. Similarly, studies using animal models have produced controversial results regarding the anti-hyperglycaemic activity of PA (reviewed by Pinent et al., 2012 115 and González-Abuín et al., 2015 140 ). One explanation is that the anti-hyperglycaemic activity of PA is dependent on the hyperglycaemic animal model, PA dose, length of treatment and whether the PA are administered before or after hyperglycaemia induction. For instance, a dose of 25 mg of GSPE per kg of body weight improves the glycaemic state and insulin resistance when is administered for 21 or 30 days, but not if given for a shorter period of time (10 days), 78, 141 in an high fat diet (HFD) rat model. Furthermore, higher doses of GSPE (50 mg kg −1 bw)
were also ineffective in improving insulin resistance, using the same animal model.
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The anti-hyperglycaemic effect of PA seems to be mediated by mimicking insulin action on the liver and peripheral tissues and/or by affecting insulin secretion through the modulation of pancreatic β-cell functionality and the incretin system ( Table 4) .
The best studied mechanism by which PA induces the antihyperglycaemic effect is by the stimulation of glucose uptake into insulin-sensitive tissues, thus mimicking insulin effects. In vitro studies have demonstrated that PA increase glucose uptake in hepatocytes, [142] [143] [144] [145] adipocytes, 115, 143 and myotubes. 115, 143, 146 Furthermore, PA up-regulate the expression of GLUT-4 in adipose tissue and muscle in vivo 115,146-148 and modulate GLUT-4 translocation to the plasma membrane. 149, 150 These studies strongly suggest the involvement of AMPK 78, 145, 146, 148, 151 and AKT 149,150 on the molecular mechanisms by which PA induce glucose uptake (Table 6 ). The liver plays a central role in maintaining glycaemia because this organ can supply glucose when its plasma levels are low. However, excessive glucose production by the liver is linked to hyperglycaemia. Interestingly, PA targets hepatic glycolytic and gluconeogenic enzymes such that PA repress gluconeogenesis, 142, 146, [151] [152] [153] thus reducing glucose production by the liver.
In conclusion, there are controversial results both in humans and in animal models. In humans it could have been due to the PA levels administered in each study, probably because high quantities of PA are needed to improve glycaemia in humans. In animal models, it seems that anti-hyperglycaemic activity of PA is severely affected by the experimental conditions used.
Lipid metabolism
Several epidemiological studies have focused on the effects of PA on dyslipidaemia, but the results have been inconsistent. A meta-analysis of nine trials that evaluated the effect of PA extracts showed no statistically significant effect on total cholesterol (TC), triglycerides (TG), LDL cholesterol (LDL-C), or HDL cholesterol (HDL-C) levels. 154 However, other studies showed that PA significantly decreases TC and LDL-C. 155 Several differences, such as a low sample size with a low power to detect differences, different extracts, doses of PA and weeks of treatment as well as the clinical condition of the population studied could account for these discrepancies among the studies. Therefore, more studies are necessary to clarify the authentic effects of PA on plasma lipids in humans.
Unlike the human studies, many studies using animal models have shown a hypolipidaemic effect of PA. 156 An acute dose of GSPE reduces plasma TGs, apo B and LDL-C levels in healthy rats. 157, 158 Additionally, chronic treatment with GSPE corrects the dyslipidaemia, primarily the TG levels, associated with a high-fat diet in rats 24, 159, 160 and hamsters. 66 Chronic treatment with GSPE also reduces the hepatic steatosis induced by a high-fat diet.
159,160
The hypotriglyceridaemic effect of PA has been extensively studied. The levels of the TG-rich lipoproteins, chylomicrons (CM) and very low-density lipoproteins (VLDL) depend on the secretion of these lipoprotein complexes by the intestine and the liver and on their catabolism by the lipoprotein lipase (LPL) in extra-hepatic tissues. Interestingly, GSPE represses the secretion of VLDL-TG 158 and CM-TG 161 without affecting LPL activity or expression in WAT and muscle. 158 Therefore, it is possible that the PA reduce plasma TG by repressing lipoprotein secretion and not by affecting its catabolism. Impaired lipid availability in enterocytes seems to be the primary mechanism for the PA-induced reduction of CM secretion. In this context, PA increase the faecal excretion of cholesterol in rats 162 and inhibit the activity of pancreatic lipase in vitro, 163 indicating reduced lipid absorption. Moreover, GSPE represses the expression of long chain acyl-CoA synthetases (ACSL)-5 and -3, which supply fatty acids for TG synthesis in enterocytes ( Table 5 ).
The repression of VLDL secretion has also an important role in the hypotriglyceridaemic action of PA. Similar to the observations in the intestine, impaired lipid availability in hepatocytes seems to be the main contributor to reduced hepatic VLDL. In this context, GSPE inhibits de novo synthesis of TGs and cholesterol, as well as their secretion, in the hepatic cell line HepG2. 164 Moreover, carnitine palmitoyltransferase I (CPT1) is overexpressed in the livers of rats treated with an acute dose of GSPE. 158 Together, these results suggest that PA targets fatty acids to oxidation instead of to TG synthesis. Moreover, acute administration of GSPE represses the 
Correction of dyslipidaemia and hepatic steatosis
Repression of miR-33, miR- 122 159 expression of 3-hydroxy-3-methyl-glutaryl-CoA reductase 164 (the rate-limiting enzyme in the cholesterol biosynthetic pathway), phosphatidic acid phosphatase 164, 165 (the enzyme that generates diglycerides from phosphatidic acid for TG synthesis) and diacylglycerol acyl transferase 2 24 (the enzyme that catalyses the last reaction of TG synthesis). A proteomic study also confirmed that chronic consumption of GSPE represses fatty acid and triglyceride synthesis in rats fed a high fat diet.
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PA also improve lipid homeostasis by increasing the reverse transport of cholesterol to the liver and its elimination via bile acids. In this context, GSPE causes the overexpression of the ATP-binding cassette transporter ABCA1, a crucial factor for HDL lipidation, in the livers of healthy and hiperlipidaemic rats as well as in peripheral blood mononuclear cells. Moreover, acute treatment with GSPE induces the overexpression of CYP7A1, 157 the enzyme that controls bile acid synthesis (Table 5 ). The molecular mechanism by which GSPE modulates lipid metabolism has been studied in the liver and includes nuclear receptors and microRNAs. The first mechanism described involves the activation of the nuclear receptor farnesoid X receptor (FXR), upregulation of the nuclear receptor small heterodimer partner (SHP) and the subsequent repression of the transcription factor sterol-regulatory element binding protein-1 (SREBP-1) in liver. 164, 165 Recently, miRNAs have been emerged as a new molecular mechanism by which PA and other polyphenols could modulate metabolism. 166, 167 Specifically, miR-33 and miR-122, two miRNAs that are key controllers of lipid metabolism, have been suggested to be involved on the hypolipidaemic effect of PA because they are repressed by GSPE in different animal models.
159,168
The results obtained with PA in animals should be used to plan better experiments addressed to study the PA actions on lipid metabolism in humans.
Energy expenditure regulation
An increase in energy expenditure (EE) is one method to combat obesity. PAs regulate EE by different mechanism and acting in various tissues, the most studied of which are adipose tissue, skeletal muscle and liver. Mammalian BAT is a key tissue in EE because it can establish non-shivering thermogenesis through dissipation of excess energy as heat by specifically activating mitochondrial uncoupling protein 1 (UCP1). Thus, one protective strategy against obesity could be increasing the number and activity of BAT cells. [169] [170] [171] Specifically, natural compounds that mimic the activity of the nervous system and increase thermogenesis offer a therapeutic potential and provide a rational approach to obesity treatment. 172 Indeed, as mentioned above, the decrease in body weight gain due to consumption of black soybean seed coat extract was attributed to the upregulation of UCP2 and UCP1 in WAT and BAT, respectively, thus enhancing EE. 173 Chronic administration of GSPE to HFD-obese rats tends to correct the obesityinduced decreases in the expression of the BAT Sirtuin 1 (Sirt1) and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) genes. These data suggest a GSPE-induced improvement in the BAT thermogenic capacity of the obese rats. Interestingly, increases in the gene expression and protein content of UCP1 as well as an enhancement of BAT mitochondrial respiration were also observed. These rats showed a decreased body weight gain. 74 When GSPE was administered with lard oil to fasted Wistar rats, the BAT activity and mitochondrial function were improved in the postprandial period. 171 Likewise, Flavangenol has been shown to increase the mRNA levels of fatty acid oxidative enzymes such as PGC1-α, acyl-CoA oxidase, and CPT in an in vitro model of fatty liver. Moreover, Flavangenol suppressed intracellular fat accumulation, suggesting that the molecular mechanism involves the induction of fatty acid oxidation (Table 6 ). This effect was mainly attributed to procyanidin B1. 174 AMP-activated protein kinase (AMPK) is a key regulator of energy metabolism. In C57BL/6 mice fed a HFD, supplementation with cacao beans was shown to activate AMPKα in the skeletal muscle, liver and adipose tissue. In this study, the cacao bean supplementation suppressed the HFD-induced fat deposition in WAT without affecting food intake. Furthermore, the increased expression of UCP1 in BAT, UCP2 in WAT and UCP3 in skeletal muscle was proposed as an underlying mechanism, due to the involvement of UCPs on thermogenesis and energy metabolism. Furthermore, the cacao bean supplementation tended to cause upregulation of PGC1-α with a pattern similar to those of the UCPs. The authors indicated that the cacao beans prevent obesity by up-regulating the expression levels of UCPs and PGC1-α through the action of AMPK, thus preventing obesity by increasing EE, which resulted in the reduction of the WAT weight. 148 Moreover, the cacao bean supplementation also increases the levels of adiponectin secreted by the WAT, and this effect could be involved at least in part on the AMPKα activation. The feeding of male C57BL6 mice with a tea-based beverage rich in polyphenols results in changes in the respiratory complexes of the mitochondria in the skeletal muscle. The authors attributed these changes to an increase in AMPK-α and suggested that a dose-dependent reduction in energy availability was associated with the decrease in the adipose tissue weight and a slight but significant increase in the plasma NEFA concentrations. The proposed decrease in energy availability was confirmed by the observations that systemic absorption of carbohydrates decreased, and insulin sensitivity was reduced. Taken together, these results suggest that the effects of the green tea polyphenols may be related to their ability to modulate energy uptake leading to mitochondrial adaptations. 175 The administration of PA from cocoa powder to healthy mice also reduced the resting EE. Moreover, key enzymes of β-oxidation were induced in gastrocnemius and soleus muscles, while the mitochondria copy numbers increased in these muscles and in BAT. These results imply that PA enhance lipolysis and promote mitochondrial biogenesis in the muscles. 176 The administration of the anti-obesity agent, acacia-rich tannin extract, to mice increased the mRNA and protein expression of UCP3 and of the β-oxidation enzymes ACO and CPT-I. Because PPARα and PPARδ were also overexpressed in skeletal muscle and liver, 72 this mechanism was proposed to elevate EE and the resulting anti-obesity actions. 177, 178 Moreover, the acacia extract also decreased the mRNA concentration of the rate-limiting enzymes for FA synthesis in the liver as well as the mRNA expression of SREBP-1c, which controls the expression of these enzymes. The acacia polyphenols also decreased the expression of PPARγ 179 and lipoprotein lipase (LPL) 180 mRNAs. Together, these results indicate that the liver may suppress the onset of obesity and fatty liver by increasing the expression of EE-related genes in the skeletal muscles and liver and by decreasing the fatty acid synthesis and fat uptake in the liver. 72 The administration of an acute dose of GSPE with lard activates mitochondria biogenesis and lipid accumulation and oxidation in adipose tissue in the postprandial period, 181 which would protect the organism against fatty acid leakage from the adipocytes. At the same time, GSPE prevents muscle damage and reactive oxygen species (ROS) production. 181 The chronic administration of GSPE to CD-fed rats increases AMPK phosphorylation in the skeletal muscle, consistent with the observation of high plasma adiponectin levels. Moreover, there was a significant overexpression of LPL, cluster differentiation 36 (Cd36), CPTIb genes, and higher ATPase activity in skeletal muscle, concomitant with the reduced TG levels in plasma. These outcomes are consistent with a role for GSPE in redirecting circulating TG to skeletal muscle for fat oxidation and ATP synthesis. 181 In addition, GSPE improved the fat content of the liver. 24 All of these changes are consistent with the high circulating adiponectin levels because it has been reported that adiponectin increases the expression of molecules involved in fatty acid transport (CD36) and combustion (acyl-coenzyme A oxidase) in skeletal muscle. 182 Thus, chronic administration of GSPE to CD-fed rats ameliorated the unbalances associated with obesity by altering the regulation of lipid metabolism, secondary to AMPK action (Table 6 ). GSPE also modifies energy metabolism in the muscles of Zucker obese rats, specifically by increasing the capacity to oxidise pyruvate while contributing to a reduction in muscle ROS generation. 183 Another study, in this case performed in hamsters, of a chronic administration of GSPE concomitant with a high fat diet, revealed that GSPE increases adiponectin levels, thus improving the adipokine levels associated with the high fat diet, and thus modulating the obesity-related energy imbalance. 184 Few studies have reported the relevance and potential of grape seed proanthocyanidins in the treatment of obesity in humans. In one randomised, placebo-controlled, double-bind, cross-over study, subjects who received 300 mg of grape-seed extract supplement with more than 90% of PA showed no difference in 24 h energy intake compared with the placebo. Only in those subjects whose energy requirements were lower than the median was there an effect: these subjects had a decrease of 4% in their 24 h energy intake compared to the placebo. 185 In another study, overweight and obese subjects who consumed an isocaloric diet with 10% of energy from white wine or grape juice showed significantly reduced body weights, although there was no placebo group in this study. 186 In summary, PA extracts seem to contribute to obesity improvement by changing body energy partitioning, preventing in this way the energy imbalance associated to obesity.
Conclusion
One proposed limitation of proanthocyanidins is their low systemic bioavailability. PA oligomers larger than trimers have not been detected in plasma following the consumption of PArich products. However, it is not necessary that PA be absorbed to exert their actions. It has been demonstrated that PA inhibit digestive enzymes and as a consequence of the inhibition of lipase and amylase, fat and glucose absorption from the gut were repressed. Factors that positively affect inhibition are: the degree of polymerisation, the percentage of high type A-linkages, the percentage of galloylation and the diversity of monomers in the PA composition. It should be noted that other phytochemicals present in the extract, although minor, may also participate in the effects described. Furthermore, microbial catabolic activity could change and consequently could affect the bioavailability and activity of these compounds. Other effects of PA in the gut include an incretin-like function and regulation of gastrointestinal tract-brain signals, although more studies are needed to address whether PA truly control satiety and food intake. However, beyond the effects on the suppression of food intake, the anti-obesity effects of PA appear to be more attributable to increased energy expenditure. Thus, PA cause the upregulation of EE-related genes in skeletal muscle and liver, while fatty acid synthesis and fat uptake in the liver are decreased. In addition to reducing obesity, PA also reduce hyperinsulinaemia by increasing adiponectin secretion by white adipocytes and elevating the expression of GLUT4 in skeletal muscle. There are discrepancies in the literature regarding the effects of PA on fat and body weights; in a number of experiments PA have caused decreases in body weight gain while in other experiments no effects have been observed. Importantly, even in cases in which neither fat mass nor body weight were affected, the metabolic inflexibility of the obese subjects was improved by PA uptake. Specifically, fatty acid oxidation was increased and insulin responses were improved, implying AMPK activation.
